Abstract 28
Previous evidence in support of a slowly acting (scale of 100s of seconds) and volume-transmitted 29 component of cholinergic signaling was based largely on studies using measures of brain 30 acetylcholine (ACh) levels which required several minutes to generate a single data point and 31
typically employed AChEsterase inhibitors (AChEIs) to foster ACh measurement. Moreover, 32 collecting such data points in correlation with relatively stable behavioral states has further 33 supported the view that extracellular ACh levels vary at a relatively slow rate. Here we argue that 34 forebrain cholinergic signaling is exclusively phasic (milliseconds to perhaps seconds), unlikely to 35 be volume-transmitted, and that previous neurochemical evidence and associated behavioral 36 correlates may be re-interpreted in terms of integrated phasic cholinergic activity and specific 37 behavioral and cognitive operations. The highly potent catalytic enzyme for ACh, AChE, prevents 38 the presence of an "ambient" extracellular ACh level and thus renders it unlikely that ACh 39 neuroscience studies of cholinergic function may be substantially clarified and simplified. 54
Compared to the current treatment of cholinergic deficits using AChEIs, the conceptualization of 55 forebrain cholinergic signaling as wired, phasic, and causative predicts that drugs that either 56 rescue transient presynaptic signaling, or amplify or rescue the postsynaptic impact of phasic 57 signals, will be more efficacious in treating age-and dementia-related cognitive and cognitive-58 motor disorders. 59
Introduction: ACh as a phasic modulator 61
Traditional descriptions of the anatomical organization of the basal forebrain cholinergic 62 projections to telencephalic regions emphasize the hallmarks of a neuromodulatory system. 63
These hallmarks include the presence of a relatively small number of soma in the basal forebrain 64 giving rise to a relatively large innervation space, a limited topographical organization of 65 cholinergic projections, a substantial degree of axonal collateralization, and the presence of extra-66 synaptic, or non-classical, receptors and, by implication, volume-transmission. Consequently, 67 theories of cholinergic function have centered around the functions of slowly changing 68 extracellular ACh levels (Yu and Dayan, 2002 ) and the role of volume transmission in, for 69 example, primary visual cortex function (e.g., Lean et al., 2019). The main goal of this article is to 70 critically probe these traditional descriptions, including our own prior interpretations (e.g., St 71
Peters et al., 2011), that ACh acts by slowly (over 100 of seconds or even minutes) affecting the 72 excitability of widespread target regions, and thereby primarily modulating relatively global 73 functions such as "arousal". As an alternative, we discuss the evidence in support of the view that 74
ACh mediates neuromodulatory effects based on highly phasic and probably largely synaptic 75
signaling. This re-conceptualization of ACh signaling as phasic, synaptic, and behaviorally causal 76 fosters the integration of diverse levels of analysis of cholinergic functions in rodents, non-human 77 primates and humans, the development of computational models, and more effective approaches 78 to the psychopharmacological development of pro-cholinergic treatments. The catalytic power of acetylcholinesterase (AChE) supports spatially and temporally 93 constrained cholinergic signaling 94
The catalytic power of the AChE has been called "amazing" (Quinn, 1987) . Indeed, the rate of 95 ACh hydrolysis is limited by the rate of ACh diffusion to the active site, rather than by how quickly 96 AChE can break it down. Thus, proposals suggesting extra-synaptic, or volume, transmission, or 97 of nano-to micromolar concentrations of "ambient extracellular ACh levels", capable of reaching 98 targets across tens of micrometers of extracellular space (Descarries, 1998) hydrolysis to the degree that they could support the presence of ambient extracellular ACh levels. 106
We explored the possibility that a portion of newly released ACh in cortex escapes hydrolysis by 107 endogenous AChE, by measuring new extracellular choline production (a main product of ACh 108 hydrolysis) with choline-sensitive electrodes. In addition, we (co-)immobilized AChE on these 109 electrodes to potentially hydrolize ACh not hydrolyzed by endogenous AChE (Giuliano et al., 110 2008) . In vitro, these electrodes were potentially able to detect "spared" extra-synaptic ACh at low 111 femtomolar concentrations. In the cortex in vivo, we produced relatively large, non-physiological, 112 potassium-driven waves of ACh release in order to optimize the possibility that a portion of such 113
ACh escapes the endogenous AChE. However, even in such conditions, choline currents did not 114 indicate that a portion of ACh "escaped" the endogenous AChE. Moreover, optogenetic generation of cholinergic transients during cued trials, which therefore 158 coincided with, or substituted the occasional absence of, endogenously-generated transients, 159 increased detection rates (or hits). However, the most conclusive evidence for the causal power 160 of cholinergic transients comes from the effects of optogenetically-generated cholinergic 161 transients during non-cue (or blank) trials -in which normally no such transients are observed. 162
Evoked transients in such trials drastically increased the rate of false alarms (incorrect reports of 163 a signal) from around 20% to nearly 50% (Gritton et al., 2016) . 164 We repeatedly reported elevated ACh levels, based on the analysis of dialysate samples collected 216 over 5-10 min and compared to pre-task baselines, in rats performing the very same sustained 217 attention task which more recently yielded the demonstration of cue detection-associated 218 cholinergic transients (above). Moreover, such ACh levels were particularly high in the presence 219 of a distractor that suppressed performance, and higher levels of ACh levels were correlated with 220 better post-distractor performance recovery (St Peters et al., 2011). We interpreted these 221 elevations as indicative of relatively better top-down control of attention, including task-and 222 response rule-maintenance and performance compliance which support relatively better 223 performance during and after the distractor period. In contrast, the unstable performance of rats 224 with a neuronally-limited capacity for elevating cholinergic signaling was attributed to relatively 225 weaker capacities for top-down control ( For a test of the possibility that dialysis-derived tonic ACh levels represent integrated cholinergic 242 transients, we measured choline currents using amperometry and ACh levels using microdialysis 243 in (necessarily separate groups of) rats performing a cued appetitive response task. In this task, 244 amperometrically measured choline spikes occur in trials in which rats indicated behaviorally that 245 they detected a cue which predicted subsequent reward delivery. Measures were obtained from 246 prefrontal cortex and from motor cortex. To compare amperometric data with ACh levels 247 measured in 8-min dialysate collections, we expressed both types of data dimension-free and 248
collapsed transient amplitudes over 8-min periods (methods and results are detailed in 249
Supplemental Data in Parikh et al., 2007) . Statistical comparisons between these two data sets 250 indicate the absence of a significant difference, suggesting that microdialysis levels were e 251 reproduced by folding transient data into time bins which matched the dialysis collection intervals. 252
Several caveats are important here. First, it should be acknowledged that we originally interpreted 253 some aspects of this data, particularly the spatially-specific nature of cue-evoked transients 254 (exclusively in mPFC and not motor cortex) versus the equivalent results for mPFC and motor 255 cortex using either the microdialysis or re-analyzed amperometric data, as supporting different 256 timescale mechanisms. However, although cue-evoked transients were confined to mPFC, 257 amperometric activity did occur in motor cortex as well at various points in the trial -interestingly, 258 the patterns suggested they may occur during shifts in motor behavior (e.g., from grooming to 259 rearing). This leads to the second question of how transients could be integrated to lead to 260 microdialysis results in light of the fast, highly-efficient action of AChE. As noted above, this may 261 be related to the glial barrier created in response to the microdialysis probe penetration injury 262
(Footnote 1). 263
In short, the evidence that transient signaling is sufficient to describe forebrain cholinergic 264 signaling is currently tentative, but appears to be at least quantitatively possible. More critically, 265 the evidence for longer-timescale action is methodologically problematic, and on first principles 266 appears contradictory to the known efficiency of AChE. Definitive evidence on this point likely 267 awaits further methodological development. However, to test the potential strength of a 'phasic 268 only' conceptualization, below we assess the usefulness of this hypothesis in the context of 269 evidence from research on arousal states and neurophysiological and cognitive neuroscience 270 studies. 271
Arousal states: Cholinergic tone versus phasic ACh 272
It has been widely accepted that forebrain cholinergic tone is elevated during REM sleep, and 273 that ACh levels in that stage are nearly comparable with levels seen in the awake state. Indeed, 274 evidence indicating arousal-state associated ACh levels has remained a major source of support 275 for the idea of a cholinergic tone. However, this may once again be at least partially a 276 methodological artifact. 277
The primary evidence comes from classical studies which preceded even the availability of 278 
Genetic CHT variants, transients and attentional control 300
The capacity of the neuronal choline transporter (CHT) to import choline into cholinergic terminals 301 is essential for, and the rate-limiting step of, ACh synthesis and release (for reviews see Okuda The second possibility takes into account that (at least in humans) the transients associated with 320 "shift-hits" are observed in anterior PFC, whereas activity associated with responding to 321 distraction and other attentional challenges occurs in more dorsolateral/ventrolateral regions, 322 especially along the border of right middle and inferior frontal gyri. A wide range of evidence from 323 patient studies, task-based neuroimaging, and functional and anatomical connectivity studies 324 point to this latter region as a major "hub" for interactions between attention networks, and its 325 importance in motivated cognitive control (see review by Lustig and Sarter, 2016; see discussion 326
in Berry et al., 2017, as well as many others). More specifically, right middle/inferior frontal gyrus 327 has been discussed as critical for coordinating the network-level neural representation of (rMFG) 328 relevant task sets, so that cognition and behavior are driven by these goal-relevant task sets, 329 rather than being stimulus-driven (e. ., 2017b) . We recognize that, at some point the distinction between "closely spaced 353 cholinergic transients" and "tonic neuronal firing" may be difficult to empirically discern. However, 354 there are critical conceptual distinctions: By this view the frequency of cholinergic activity is driven 355 quantitatively by situational needs to refresh the task-set representation in the face of interference, 356 rather than being a qualitatively different physiological "mode" (see also Fiebelkorn and Kastner, 357
2019). 358
This view appears to be consistent with a recent computational model suggesting that ACh acts 359 to optimize a single computation that enhances multiple dimensions of the responses of cortical 360 neurons (firing rate, rate variability, and correlated variability) to attention-demanding cues 361
(termed "normalization"). This model predicts that loss of ACh-mediated normalization involves 362 detection losses and enhanced distractibility (Schmitz and Duncan, 2018 
AChEIs and cholinergic transients 366
AChEis not only have been used to elevate extracellular ACh levels in order to recover detectable 367 levels of ACh in neurochemical studies, and therefore to support notions about the functionality 368 of tonic levels of ACh (above), but also as a pharmacological tool in human studies to determine 369 effects of elevated ACh levels on cognitive functions. The synaptic effects of AChEIs are 370 insufficiently described merely in terms of elevated ACh levels. AChEIs elevate extracellular ACh 371 levels by several 100 to several 1000% (e.g., Giacobini 
